I N T RO D U C T I O N
The Solomon Islands lie within one of the most active seismogenic zones globally due to the rapid and complicated convergence of the Pacific Plate with the Australian Plate and numerous microplates at approximately 10 cm yr −1 (Miura et al. 2004; Phinney et al. 2004; Taira et al. 2004; Fig. 1a) . This activity creates a unique environment that both: causes large and tsunamigenic earthquakes with sufficient frequency to self-sustain an oral tradition of tsunami preparedness within the indigenous populations (Fritz & Kalligeris 2008; McAdoo et al. 2009 ); and allows for detailed land-based studies of shallow subduction processes due to the development of land from permanent collisional deformation and volcanism very near the trench. In the area of the 2010 M W 7.1 earthquake, young bathymetrically elevated microplate boundaries and seamounts are subducted along the San Cristobal trench causing the development of several islands, including Rendova and Tetepare (Fig. 1b) , within 10-20 km of the trench (Mann et al. 1998; Taylor et al. 2005 Taylor et al. , 2008 . A complex recent history of uplift is associated with the subduction of a ridge system (270-130 ka), followed by subsidence, and recent return to very rapid uplift (∼50 ka-present) due to the initiation of Coleman and Kana Keoki Seamount subduction (Mann et al. 1998; Taylor et al. 2005) . Currently, geological uplift rates are observed to rapidly increase from near zero at the northeastern end of Rendova to maximum values (5-7 mm yr −1 ) on the southwestern (near-trench) edges of Rendova and Tetepare Islands (Mann et al. 1998; Taylor et al. 2005) .
Past earthquakes in the Solomon Islands were highly tsunamigenic. While the 2007 M W 8.1 event is the largest instrumentally recorded local earthquake, other notable tsunamigenic earthquakes occurred over the past century. A series of earthquakes between 1925 and 1926 excited at least two tsunamis. Following a magnitude M 7.2 event near Guadalcanal on 1926 April 12, a similarly sized M 7.3 event on 1926 September 16 produced a tsunami that flooded western Guadalcanal and Kokomaruki islands (Soloviev & Go 1984; Engdahl & Villaseñor 2002) . Both events are comparable, but estimated to be slightly larger than the 2010 event. Interestingly, with the exception of the 2007 event, the other tsunamigenic earthquakes were low-M 7; normally considered too small for significant tsunami generation. While it is possible that some of these events were classic slow-source 'Tsunami Earthquakes' (TsE), such events identified to date have a very limited magnitude range (between Ekström et al. 2005) and regional plate boundaries and motions (Goodliffe et al. 1999; Bird 2003) . Plate motions (arrows) are shown for the Australian (AU), Woodlark (WL) and Solomon Sea (SS) microplates relative to stable Pacific plate (PA). The modelled slip from Chen et al. (2009) is shown for the 2007 April 1 M W 8.1 event (diagonal rectangle). Location of (a) is shown in grey shaded-relief (box). (b) Detailed view of box in (a) illustrates the 2010 January 3 M W 7.1 event adjacent to the high slip zone of the larger 2007 earthquake. Diagonal box is the outline of the preferred megathrust model of this study. Seismicity occurring in 2010 January, including two events with M W ≥ 6.6 is outlined in red.
M W 7.5 and 8.1) (Kanamori 1972; Newman & Okal 1998; Ammon et al. 2006; Newman et al. 2011) . Thus, while the 2010 earthquake may indeed have ruptured the near-trench environment, as suggested by gCMT depth (12 km) and location, and position relative to the observed shallow slip localization of the 2007 event (Fig. 1b) , its magnitude is smaller than known slow-source TsE.
E A RT H Q UA K E E N E RG Y A N D D U R AT I O N
Other recent TsE events are well-observed to be deficient in radiated seismic energy, E, when compared with seismic moment, M 0 , such that the TsE discriminant = Log 10 (E/M 0 ) is below −5.7, as compared to the global thrust average, = −4.74 (Newman & Okal 1998; . Analysis of the TsE discriminant using 68 vertical broadband seismograms from global stations for the 2010 Solomon Islands earthquake define = −4.8, comparable to the global average for thrusting mechanism earthquakes, and unlike observed slow-source TsE (Fig. 2) . Hence, if the earthquake is to be classified as a TsE, it is unique in that it is comparatively energetic in nature.
To evaluate the rupture duration T R of the 2010 event we identified the energy minimum from the envelop of stacked seismograms, aligned by the P-wave arrival. However, because observational duration estimates include both near-source surface reflections and can include later scattered energy after the termination of rupture, the estimated rupture duration is a maximum. Unlike the recent larger TsE events (M W ≥ 7.7), with rupture durations T R in excess of 100 s, the M W 7.1 2010 event has T R ≤ 33 s, comparable to another regional M W 7.1 earthquake in the Celebes Sea on 2009 February 11 (Fig. 2) . However, given the spatial extent of the 2010 Solomon Islands event, the event may have been slow (>1-1.5 km s −1 dependent on point of nucleation for a 50 km long rupture). If the event is indeed slow rupturing, it remains to explain why it does not exhibit the deficiency in radiated seismic energy observed in larger slow-source TsE.
T S U N A M I A N D S U B S I D E N C E O B S E RVAT I O N S
The 2007 M W 8.1 megathrust earthquake nucleated just west of Rendova Island and ruptured northwest for approximately 300 km (Taylor et al. 2008; Chen et al. 2009; Furlong et al. 2009 ). The earthquake created prevalent tsunami waves across the islands, with focused run-up in excess of 12 m in some locations (Fritz & Kalligeris 2008) . Though tsunami waves were widespread, only 52 deaths were reported due to the rich ancestral recitation of past events, whereby the need to run to high ground immediately after shaking was understood and practiced (Fritz & Kalligeris 2008) . In the 2007 event massive slip (20+ m) occurred in patches very near the trench, and within 20 km of the source region of the 2010 event near Rendova Island (Chen et al. 2009 ), suggesting the recent event was triggered (Fig. 1) . The boundary between the events is concurrent with a projected break in a subducted transform fault and ridge system along the megathrust interface (Mann et al. 1998) , likely inhibiting rupture of the 2007 event to the southeast. However, the large 20+ m slip from the 2007 event caused a stress perturbation that likely enhanced the Coulomb failure criteria (Stein 1999) , and positively influenced the occurrence of the adjacent 2010 earthquake, similar to the stress induced by the M W 9.1 2004 Sumatra-Andaman earthquake, on the M W 8.7 2005 earthquake in Sumatra; forecasted by McCloskey et al. (2005) .
Though far smaller than the expected magnitude for significant regional tsunami excitation, the M W 7.1 2010 event created a local tsunami run-up that was only moderately smaller than the much larger M W 8.1 2007 event (Fig. 3) . Based on initial reports of villages inundated by tsunami waves and identification of tsunami .1 earthquake. Though uplift was expected from megathrust rupture, only subsidence was found, with a maximum (-80 cm) in the near-trench region. Data were collected over a 5-d period beginning 9 d after the main shock, and consisted primarily of submerged natural and anthropogenic markers. White diamonds represent four points where land-level changes were not discernible.
waves on two ocean-bottom pressure sensors termed DART buoys (or Deep-Ocean Assessment and Reporting of Tsunamis) nearly 1000 km away (NOAA 2010), we investigated the extent of tsunami inundation and coseismic and early post-seismic deformation. Between January 12 and 19 we surveyed tsunami inundation, run-up, and coastal land-level changes, and established a rapid post-seismic deployment of five Global Positioning System (GPS) stations in the area. Tsunami and land level surveys were made at 21 sites surrounding Rendova, Tetepare, South (Marovo Lagoon) and Simbo Islands (Figs 1 and 3) . No tsunami measurements were made on 4 A. V. Newman et al.
Ranongga Island, however local individuals described some small waves similar to a 'fast tide', but since the island was uplifted by 3 m in 2007, villages are now far from beaches and tsunami effects are difficult to observe. The opposite is true for Simbo Island, which subsided 2 m in the 2007 event and recorded 1.2 m tsunami run-up in 2010. GPS measurements were focused on four stations in the near-source region of Tetepare and Rendova Islands for determination of early post-seismic deformation relative to a base station established on Lola Island (Fig. S1) .
The survey team documented tsunami land-level changes as well as tsunami run-up, flow depth and inundation; identifying wave induced deposition or erosion, structural damage and interviewed eyewitnesses following established protocols (Synolakis & Bernard 2006) . The tsunami arrived at mean sea levels during a rising tide, and all survey measurements were corrected for tide based on predictions (UHKO 2010). Significant variations in tsunami impact was observed across Rendova and Tetepare Islands, with a maximum flow depth (7.5 m) and run-up (7 m) on the southern shores of Rendova (Fig. 3) . Fortunately only two villages, Mbaniata and Retavo (299 and 10 inhabitants, respectively), were significantly inundated (up to 150 m from the coast), and only two minor injuries occurred while villagers were evacuating because of strong ground shaking. In Mbaniata 16 houses (compared to only four in 2007) and the entire village of Retavo were destroyed (Fig. S2) . Tsunami wave heights from the 2010 event exceeded those from 2007 across most of the two islands. Further away, tsunami run-up over 1 m was documented at South Island (50 km east) and at Simbo Island (90 km west). Smaller tsunami waves (<1 m) were observed throughout the New Georgia group including the south shores of Ranongga and Ghizo Islands.
Throughout the affected area, eyewitnesses reported one to five main waves usually with an initial recession, which could correspond to a leading depression N-wave (Tadepalli & Synolakis 1994) . At most locations, the first wave arrived within 10 min of the earthquake. A second smaller wave shortly followed within another 10 min along the south coast of Rendova (see Supporting Information for further tsunami survey details).
Coastal subsidence was measured at boat launches, and navigation and port infrastructure using pre-and post-event high tide water lines and eyewitness accounts. At several locations subsidence measurements where made both in 2007 (Fritz & Kalligeris 2008) , and 2010 along identical transects based on GPS waypoints and photographic documentation. At some locations such as Rendova Harbour identical eyewitnesses were interviewed in 2007 and 2010.
Though substantial afterslip was observed in the shallow megathrust following large earthquakes including the 2005 Sumatra (Hsu et al. 2006) , and likely the 2007 Solomon Islands earthquakes (Chen et al. 2009 ), GPS observations here revealed no discernible afterslip at our survey locations (Fig. S3) . However, the observation of no uplift and widespread sub-metre subsidence with maximum values nearest the trench are intriguing (Fig. 3c) , as they are opposite in sense from both the expected hanging wall motion of a megathrust rupture, and the rapid short-term geological uplift across the islands (Mann et al. 1998; Taylor et al. 2005) . 
D E F O R M AT I O N M O D E L L I N G
The gCMT focal mechanism for this event suggests shallow thrusting along the plate interface downdip of the San Cristobal trench (Ekström et al. 2005) . However, a shortcoming of far-field seismic techniques, as is used for gCMT determinations, is the inability to distinguish between the true fault and auxiliary planes. With near-field deformation measurements such an ambiguity may be resolved. Thus, we tested models with the observed regional subsidence for both low-angle slip (dip = 22
• ) along the megathrust and high-angle slip along an orthogonal intraslab plane. For slip along the megathrust, in order to explain the observed increasing subsidence of sites nearer the trench it is necessary to allow slip only along a narrow strip between the southern shore of the nearby islands and the trench (downdip width = 13 km). This is because substantial slip further downdip would require uplift rather than subsidence of the trenchward component of Rendova and Tetepare islands.
We inverted for variable thrust along the shallow megathrust using smoothed Okada (1992) dislocation model, similar to that described in Chen et al. (2009) an M W 7.2 earthquake that yields the proper direction, shape and magnitude of motion, with rms misfit (0.18 m) comparable to error in subsidence measurements ( Fig. 4 ; see Supporting Information for details). The slight increase in magnitude over the seismically resolved M W 7.1 may be due to either early afterslip occurring in the week prior to our arrival, or an un-modelled reduction in the local shallow rigidity allowing increased slip for the same seismically observed moment release (Bilek & Lay 1999 ).
An alternative high-angle thrust model requires larger slips, but with comparable RMS misfit (0.18 m). Given the teleseismic mechanism and the locations of the one-sided geodetic observations, the high-angle intraslab result is not distinguishable from the shallow megathrust model.
T S U N A M I M O D E L L I N G
To distinguish between these two models we compare the predicted tsunami run up and open-ocean tsunami wave height time series as recorded by DART sensors. Because tsunami excitation from earthquakes is predominantly controlled by the amplitude and spatial extent of vertical seafloor deformation, the high-angle intraslab and low-angle megathrust models can be differentiated due to the larger amplitude and shorter wavelength deformation produced by the high-angle thrust model.
Using the vertical predicted seafloor deformation from the two distributed slip models, we estimated the tsunami wave time series at the DART stations as well as coastal runup around Tetepare and Rendova Islands using the MOST tsunami model (Titov & Synolakis 1998) . MOST computes tsunami propagation and inundation using multiscale grids of increased resolution nearest the coast (in this case moving from 36 inches in open ocean to 3 inches nearest the shore). The shallow thrusting TsE model produced surprisingly accurate predictions of the observed run up and open-ocean DART wave heights (Fig. 5) , while the high-angle model consistently overpredicted tsunami heights by a factor of 2 or more (Fig. S7) . Modest local differences in run up can occur due to inaccuracies in the near-shore bathymetry. Of particular note, the DART wave heights accurately predict the first wave-heights in both amplitudes and frequencies. Shifts of 1-2 min in the model are necessary to match the timing, and can be attributed to finite source duration (∼30 s; see Fig. 2 ) that is not considered in the tsunami model, and small inaccuracies in the absolute open-ocean bathymetry (1-2 per cent). Though splay faults have been observed in the shallow trench, and proposed to cause increased tsunami excitation in TsE (Moore et al. 2007) , such a high-angle vertical fault was unnecessary to explain the observed tsunami field.
The very large tsunami run up commensurate with an earthquake an order of magnitude larger clearly identifies this event as a tsunami earthquake given its original definition (Kanamori 1972) . Like other TsE events, the earthquake occurred in the shallowest trench environment (Polet & Kanamori 2000; Ammon et al. 2006; Newman et al. 2011) . However because the radiated seismic energy is comparable to other earthquakes of its size, its was not identified as a TsE using the current E/M 0 discriminant (Newman & Okal 1998) . It is unclear why the earthquake energetically ruptured the shallow TsE region. However, the likely recent subduction of an active ridge (Mann et al. 1998) , and the onset of subduction of the geologically young Coleman and Kana Keoki seamounts likely contribute to increased stress and thermally controlled frictional behaviour (Figs 3 and S8) . Given the history of frequent tsunamis from low M 7 events in the early 20th century, it is possible that TsE's are a common feature in this region, however a lack of digital broad-band seismic data would make the energy determinations of earlier events difficult or impossible.
C O N C L U S I O N
Utilizing the near-trench deformation, tsunami run up and openocean wave height data, we identified the 2010 January 3 Solomon Islands earthquake as a shallow low-angle earthquake occurring along the megathrust along the front of the impinging seamounts. Due to the recent development of seafloor pressure sensors, and the unique occurrence of land (and hence geodetic observation) very near the trench, we were able to constrain the broad-scale coseismic subsidence and the shape of the observed open-ocean tsunami wave field. These data were instrumental in identifying the extensive shallow thrusting TsE. Without such data, the event would have likely been attributed to undocumented underwater landslides. This event belongs to a previously undocumented class of shallow energetic tsunami earthquakes.
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S U P P O RT I N G I N F O R M AT I O N
Additional Supporting Information may be found in the online version of this article: Figure S1 . 15-s kinematic GAMIT-TRACK (Herring et al. 2008) solutions (plotted as 5-min averages) of the post-seismic GPS survey relative to base-station ZIPO show no discernable deformation in the near-trench environment. Figure S2 . Tsunami impact on Rendova Island. Figure S3. (a, b) Predicted vertical surface deformation and (c, d) modeled slip differences are shown for the 2010 January 3 M W 7.1 Solomon Islands earthquake between the best-estimate megathrust tsunami earthquake (TsE) and intraslab event, respectively (similar to Fig. 3) . Figure S4. (a, b) Tests for optimal locking depth (base of slip) for the shallow megathrust tsunami earthquake (TsE) and high-angle models. Figure S5 . (a-d) Model results are shown for a range of smoothing parameters. Because independent determination of individual patches in the 7 × 2 grid slip model is impossible given the scarcity and location of data, smoothing is applied (Jónsson et al. 2002; Chen et al. 2009 ). Figure S8 . Perspective view of the earthquake source region and predicted tsunami wave heights 10 min after rupture (maximum amplitudes 1.4 m).
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